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ABSTRACT
Bifunctional alkylating agents (BFA) such as mechlorethamine within 9 h. Pretreatment with caffeic acid phenethyl ester
(nitrogen mustard) and bis-(2-chloroethyl) sulfide (sulfur mus- (CAPE), a known inhibitor of NF-KB signaling, significantly de-
tard; SM) covalently modify DNA and protein. The roles of creased BFA-induced reporter gene activity. A 1.5-h pretreat-
nuclear factor KB (NF-KB) and p53, transcription factors in- ment or 30-min postexposure treatment with CAPE prevented
volved in inflammatory and cell death signaling, were examined BFA-induced loss of membrane integrity by 24 h in HaCaT cells
in normal human epidermal keratinocytes (NHEK) and immor- but not in NHEK. CAPE disrupted BFA-induced phosphoryla-
talized HaCaT keratinocytes, a p53-mutated cell line, to delin- tion of p53 and p90 ribosomal S6 kinase (p90RSK) in both cell
eate molecular mechanisms of action of BFA. NHEK and Ha- lines. CAPE also increased nuclear factor E2-related factor 2
CaT cells exhibited classical NF-KB signaling as degradation of and decreased aryl hydrocarbon receptor protein expression,
inhibitor protein of NF-KBa (IKBa) occurred within 5 min after both of which are involved in antioxidant/electrophilic response
exposure to tumor necrosis factor-a. However, exposure to element (ARE/EpRE) signaling. Thus, disruption of p53/
BFA induced nonclassical NF-KB signaling as loss of IKBa was p90RSK-mediated NF-KB signaling and activation of ARE/
not observed until 2 or 6 h in NHEK or HaCaT cells, respec- EpRE pathways may be effective strategies to delineate mech-
tively. Exposure of an NF-KB reporter gene-expressing HaCaT anisms of action of BFA-induced inflammation and cell death
cell line to 12.5, 50, or 100 AM SM activated the reporter gene signaling in immortalized versus normal skin systems.

Bifunctional alkylating agents (BFA) chemically modify DNA involves topical application of a 0.02% solution (-1 mM) (de
and other macromolecules with which they react (Papirmeister Quatrebarbes et al., 2005). Occupational exposure to the BFA
et al., 1991). The BFA mechlorethamine (2-chloro-N-(2-chloro- bis-(2-chloroethyl) sulfide (sulfur mustard, SM) (Davis and As-
ethyl)-N-methyl-ethanamine, nitrogen mustard, NM) is a topi- pera, 2001) has been a concern because SM has known muta-
cal chemotherapeutic agent typically used to treat cutaneous genic properties and can cause significant skin blistering
T-cell lymphomas (de Quatrebarbes et al., 2005). A regimen (Papirmeister et al., 1991). No completely efficacious chemopro-

tectant/therapeutic exists that ameliorates BFA-induced cuta-

The opinions or assertions contained herein are the private views of the neous intolerance, inflammation, blister formation, cancerous
authors and are not to be construed as official or as reflecting the views of the and precancerous lesions, and cell death.
Department of the Army or the Department of Defense.

' Current affiliation: Toxicology and Environmental Sciences, ExxonMobil The nuclear factor KB (NF-KB)/Rel family of transcription
Biomedical Sciences, Inc., Annandale, New Jersey. factors is involved in the expression of genes related to

Article, publication date, and citation information can be found at
http://jpet.aspetjourmals.org. growth, differentiation, development, and inflammation

doi:10.1 124/jpet. 106.116145. (Chen and Green, 2004). However, less is known about the

ABBREVIATIONS: BFA, bifunctional alkylating agent(s); NM, nitrogen mustard (bis-(2-chloroethyl) methylamine or mechiorethamine); SM, sulfur
mustard (bis-(2-chloroethyl) sulfide); NF-KB, nuclear factor KB; TNFa, tumor necrosis factor-a; IKB, inhibitor protein of nuclear factor KB; IKK, IKB
kinase(s); IL, interleukin; ATM, ataxia-telangiectasia-mutated; ATR, ataxia-telangiectasia-related; ARE/EpRE, antioxidant response element/
electrophilic response element; CAPE, caffeic acid phenethyl ester; NHEK, normal human epidermal keratinocytes(s); CEES, 2-chloroethyl
ethylsulfide; TDG, thiodiglycol (2,2-thiodiethanol); DMSO, dimethyl sulfoxide; HU, hydroxyurea; LDH, lactate dehydrogenase; AhR, aryl hydro-
carbon receptor; p90RSK, p90 ribosomal S6 kinase; Nrf2, nuclear factor E2-related factor 2; MEK, mitogen activated protein kinase kinase; ERK,
extracellular signal-activated kinase; XRE, xenobiotic response element(s); lB, immunoblotted; PAGE, polyacrylamide gel electrophoresis.
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apparent role of NF-KB in promoting cell death. The tumor responses induced by BFA are not completely understood.

suppressor protein p53 is a vital mediator of apoptosis fol- Here, we delineate the initial responses of the NF-KB and p53

lowing exposure to DNA-damaging agents (Kohn and Pom- signaling pathways, as well as the antioxidant-response ele-

mier, 2005). It has become clear that both NF-KB and p53 can ment/electrophilic response element (ARE/EpRE) pathway to

be activated by similar stimuli/insults. For example, DNA- BFA-induced insult. Normal and immortalized human epi-
damaging agents induce a "nonclassical" NF-KB pathway dermal keratinocytes and the phenolic compound caffeic acid
(Boland et al., 1997; Bohuslav et al., 2004), and NF-KB me- phenethyl ester [phenethyl (E)-3-(3,4-dihydroxyphenyl)prop-
diates cell death signaling following exposure to DNA-dam- 2-enoate, CAPE], a potent inhibitor of NF-KB activity, were
aging agents (Kasibhatla et al., 1998). Reactive oxygen spe- utilized to delineate molecular mechanisms of BFA-induced
cies, known activators of NF-KB, are also potent activators of signaling.
p53. Oxidative stress may play a significant role in p53
activation following exposure to chemotherapeutics (Martin- Materials and Methods
dale and Holbrook, 2002). Furthermore, functional NF-KB
and p53 activities exhibit mutual cross-talk whereby the Cell Culture. Normal human epidermal keratinocytes (NHEK)

levels and activation of one modulate the activation of the from breast skin were obtained as cryopreserved first passage stocks

other. The balance of activity and cross-talk between NF-KB from Cascade Biologics (Eugene, OR). Cells were seeded at 1.9 x 10",
sthe final outcome of cell sur- cells into 75-cm 2 flasks. Cells were grown in serum-free supple-

and p53 pathways influences rkins, o utcome et al., mented keratinocyte growth medium (EpiLife, Cascade Biologics) to
vival or death (Webster and Perkins, 1999; Fujioka et al., 70 to 80% density before trypsin detachment and reseeding at 2.4 x
2004). Delineating the cell signaling responses of these im- 104 cells/well in six-well plates or 2.0 x 10' cells/well in 24-well
portant transcription factors may contribute to understand- plates. Second through fifth passage plates of NHEK at 90 to 95%
ing the etiology and ameliorating the side effects of exposure confluence were used for exposures. The NHEK cells were grown at
to BFA. 37'C with 5% CO,

Whereas nonclassical NF-KB activity induced by DNA- HaCaT cells (Boukamp et al., 1988), a p53-mutated keratinocyte

damaging agents is incompletely understood, the "classical" cell line, were seeded at 1.9 x 10' cells into 75-cm2 flasks or 2.4 x 104

molecular events that lead to the activation of NF-KB, such cells/well in six-well plates or 2.0 X 10' cells/well in 24-well plates.

as those induced by tumor necrosis factor-a (TNFa), are Cells were grown in minimal essential medium growth medium

relatively well understood (Chen and Greene, 2004). In this (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine
serum to 70 to 80% density before trypsin detachment and reseeding

classical NF-KB pathway, exposure to TNFa activates inhib- 104 cat 2.4 × 0 cells/well in six-well plates or 2.0 × 10"• cells/well in

itor protein of NF-KB (IKB) kinases (IKK) that phosphorylate 24-well plates. HaCaT cells at 90 to 95% confluence were used for
IKBa, the inhibitor protein of NF-KB. Phosphorylation of exposures. The HaCaT cells were grown at 37'C with 5% CO2.

IKBa results in its degradation, which allows NF-KB to trans- Stable Keratinocyte Transfection. The ability of alkylating
locate into the nucleus. NF-KB then binds to KB response agents to activate NF-KB was monitored using an NF-KB response
elements to activate expression of NF-KB-responsive inflam- element-driven luciferase reporter gene. The reporter plasmid pNFKB-
matory mediators, such as interleukin (IL)-8 and/or IL-6 TA-Luc (BD Biosciences, San Jose, CA) contained four tandem copies of

(Zhang et al., 1994; Ritchie et al., 2004). Although exposure the NF-KB consensus sequence (GGOAATITCC). GenePorter 2 reagent

to BFA induces accumulation of IL-8 and IL-6 (Dillman et al., with diluent B (Gene Therapy Systems, Inc., San Diego, CA) was used
to cotransfect 1.67 pg of pNFKB-TA-Luc and 0.33 A.g of pPUR (to allow20)ivatis thoughtnonclassical pathway that DN- g ev s r lt ny clonal selection) (BD Biosciences) into HaCaT cells in six-well plates,

activation of a nonclassical NF-KB pathway that does not rely according to recommended procedures. Stable transfectants were se-
on IKK-mediated phosphorylation of IKBa and subsequent lected in medium containing 1.0 pg/ml puromycin (Sigma-Aldrich) for
degradation (Bohuslav et al., 2004; Ryan et al., 2004). The 14 days. Isolated colonies were expanded and analyzed for luciferase
precise mechanisms by which BFA activate this nonclassical inducibility by human TNFa (R&D Systems, Inc., Minneapolis, MN).
NF-KB signaling pathway remain to be delineated. The subclone designated here as HaCaT.AL (Altered Line) was used for

The tumor suppressor p53 plays a pivotal role in activating these studies based on its robust inducibility by TNFa and relatively
and integrating cellular responses to a wide range of envi- low uninduced levels of luciferase activity.
ronmental stressors, including DNA-damaging agents (Lowe Chemicals and Exposures. NM, 2-chloroethyl ethylsulfide

et al., 1993; Rosenthal et al., 1998; Kohn and Pommier, (CEES), and 2,2-thiodiethanol [thiodiglycol (TDG)], each purchased
2005). p53 coordinates a shift in gene expression to promote from Sigma-Aldrich, were prepared as 4 mM stock solutions in dimethyl

gs proo sulfoxide (DMSO). These stock solutions were placed on ice and imme-
growth arrest or cell death genes and also blocks the expres- diately diluted into media for cell exposures. A 20 mM hydroxyurea
sion of genes that stimulate growth or block cell death. Sim- (HU; Sigma-Aldrich) solution was made directly in cell media and
ilar to NF-KB, p53 will not become an active transcription added to the cells. A frozen aliquot of neat SM in keratinocyte growth
factor until it is dissociated from its inhibitory protein, medium was thawed and vortexed to generate a 4 mM SM stock solu-
MDM2. DNA-damaging events activate kinases such as atax- tion. This stock solution was placed on ice and immediately diluted into
ia-telangiectasia-mutated (ATM) and ataxia-telangiectasia- media to expose cells to SM. For pharmacological treatment experi-
related (ATR) that phosphorylate p53 and/or MDM2, result- ments, CAPE (Alexis Platform Axxora, LLC, San Diego, CA) was dis-

ing in dissociation of these proteins and translocation of p53 solved in DMSO (30 mg/mI = 105 mM stock). These stock solutions

into the nucleus. DNA damage-initiated phosphorylation of were placed on ice and immediately diluted into media (1:1000; 30

p53 at serine 15 contributes to dissociation from MDM2 and Mg/ml = 105 MM) to treat cells before or after the addition of alkylating
agent. Cells were maintained at 37°C with 5% CO 2 during pretreat-

correlates with a p53 response (Shieh et al., 1997; Kohn and ments, left at 37'C with room CO 2 concentrations during alkylating
Pommier, 2005). Whereas BFA initiate a p53 response, BFA- agent exposures for a maximum of 30 min, and returned to 37°C with
induced cross-talk between p53 and NF-KB signaling re- 5% CO2 for the remainder of the postexposure time period.
mains to be elucidated. Lactate Dehydrogenase Activity Assay. Lactate dehydroge-

The precise mechanisms that govern the NF-KB and p53 nase (LDH) activity in cell medium was measured using the Cyto-
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Tox-ONE Homogenous Membrane Integrity Assay Kit (Promega, Bonferroni's adjusted t test to control the experiment-wise error rate
Madison, WI). LDH activity is an indicator of cell membrane integ- at 5%.
rity and was measured as a correlate of cell viability (Korzeniewski Microscopy. Digital image photographing was performed using an

and Callewaert, 1983; Decker and Lohmann-Matthes, 1988). At the Olympus CKX41 Culture Microscope (WHB10x eyepiece with a 1OX

indicated time point, cell growth medium was transferred to a 96- objective) and DP12 Microscope Digital Camera System (Olympus

well, black plate and mixed with an equal volume of assay buffer. America, Inc., Melville, NY). Images were compiled or digitally magni-

After 10 min of incubation at room temperature, stop solution was fled using Adobe Photoshop (Adobe Systems, Mountain View, CA).

added to each well. Fluorescence was recorded with a Genios
(TECAN US, Research Triangle Park, NC) plate reader with an Results
excitation wavelength filter for 530 nm and an emission filter for 580
nm. The cells remaining from each experiment were then lysed for Alkylating Agents Induce Nonclassical NF-KB Signal-

total LDH associated with intact cells, protein analyses by immuno- ing. We compared the classical NF-KB signaling mediated by

blotting, or reporter gene assays. TNFa with alkylating agent-induced NF-KB signaling by mon-

Isolation of Proteins and Gel Electrophoresis. The culture itoring IKBa protein expression. NHEK and HaCaT cells have

media were removed from the exposed cells, and the cells were similar responses when exposed to TNFa (Fig. 1A, TNFa).
washed with Hanks' balanced salt solution (Sigma-Aldrich). The Exposure of either cell line to 10 or 100 ng/ml of TNFa for even

cells were lysed in 250 Al of 4X SDS sample buffer (250 mM Tris, pH 5 min results in loss of IKBa compared with the untreated cells
6.8, 20% glycerol, 8% SDS, 400 mM dithiothreitol, and 0.01% bro- (Fig. 1A, None). IKBa levels are restored 2 h after TNFa expo-
mophenol blue) and scraped from the plates. Lysates were triturated sure. These data suggest that both NHEK and HaCaT cells
with 25-gauge, 5/8 needles using 1-ml syringes. Protein was fraction- exhibit classical NF-KB signaling mechanisms.
ated on 7.5 or 12.5% Criterion Precast SDS polyacrylamide gels NF-KB signaling pathways have been considered a poten-
(Bio-Rad, Hercules, CA).

Immunoblotting. Proteins normalized to total plated cell num- tial pharmacological target for cotreatment with NM-related

ber were transferred from polyacrylamide gels to polyvinylidene therapeutics (Sanda et al., 2005) or for development of ther-

fluoride membrane (Hybond; GE Healthcare Life Sciences, Piscat- apeutics for exposure to SM (Atkins et al., 2000). Therefore,

away, NJ) by electroblotting. The membranes were blocked with 5% we examined whether alkylating agents induce classical

bovine serum albumin in Tris-buffered salinefTween 20 (10 mM Tris, NF-KB signaling in keratinocytes. Interestingly, when ex-

pH 7.5, 100 mM sodium chloride, and 0.1% Tween 20) and probed posed to alkylating agents, keratinocytes do not exhibit the
using the rabbit polyclonal phospho-p53 (Serl5) antibody (catalog classical TNFa-like response (Fig. 1B, denoted by rapid IKBa
no. 9284; Cell Signaling Technology, Beverly, MA), the rabbit poly-
clonal p53 antibody (catalog no. 9282; Cell Signaling Technology), A 10 nglmL TNFa• 100 nglmL TNFu None
the rabbit polyclonal IKBa antibody (catalog no. 9242; Cell Signaling r_ ._ __
Technology), the rabbit polyclonal anti-phospho p90 ribosomal S6 '9 "T E 1 "
kinase (p90RSK) (S380) (catalog no. 9341; Cell Signaling Technol- W) 0 0 = = = -6 .Z . . Time

ogy), the rabbit polyclonal anti-p90RSK (catalog no. 9347; Cell Sig- I
naling Technology), the rabbit polyclonal anti-nuclear factor E2- NHEK

related factor 2 (Nrf2) (H300) antibody (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), or the rabbit polyclonal anti-aryl hydrocarbon HaCaT
receptor (AhR) antibody (catalog no. SA210; Biomol International,

Plymouth Meeting, PA). Primary antibodies were diluted in 5% IB: anti-kBa

bovine serum albumin in Tris-buffered saline/fween 20. Primary whole cell extract

antibody was detected via an alkaline phosphatase conjugated B 200 gM SM 400 tM SM
mouse anti-rabbit secondary antibody (Zymed Laboratories, Invitro- . S
gen Immunodetection, Carlsbad, CA) and enhanced chemifluores- 4) .E E-uL E ETime
cence (GE Healthcare Life Sciences). The fluorescent signal was o z . . 2 Tm

detected and visualized using a Storm 860 scanner (Molecular Dy-

namics, Sunnyvale, CA) and analyzed using ImageQuant software NHEK

(Molecular Dynamics). To strip membranes of antibody when neces-
sary, a glycine buffer (pH 2.2) was used followed by blocking and HaCaT
reprobing with the appropriate antibody.

Luciferase Reporter Gene Activity Assay. The use of a long- IB: anti-liclB3a

lasting luminescent substrate (Steady-Glo; Promega) provides a stable whole cell extract

luminescent signal (t2 -5 h) and enables cell lysis and luciferase Fig. 1. BFA induce nonclassical NF-KB signaling. A, immortalized Ha-

activation directly in the culture medium or lysis buffer. HaCaT'AL CaT keratinocytes and NHEK were exposed to media alone (none), 10
ng/ml TNFa, or 100 ng/ml TNFa for 5 min, 15 min, 30 min, 2 h, 6 h, or 9 h.

cells, plated and exposed in triplicate as indicated above, were washed Whole-cell extracts were isolated and immunoblotted (IB) using specific
with phosphate-buffered saline and lysed with Glo Lysis Buffer (Pro- anti-IKBa antibodies following separation by SDS-polyacrylamide gel

mega). Plates were sonicated briefly on ice to enhance cell disruption. electrophoresis (PAGE). IKBa levels decreased -4-fold 5 min after expo-
Equal volumes of each sample were transferred to a 96-well, black, sure to 10 ng/ml TNFa (compared with 5 min time-matched control) and

flat-bottom plate (USA Scientific, Ocala, FL), mixed with Steady-Gto are restored at 2 h in both NHEK and HaCaT cells. B, HaCaT and NHEK
cells were exposed to media (none), 100 ng/ml TNFa for 5 min or 200 or

Luciferase Assay reagent (Promega), and incubated at room tempera- 400 MM SM for 5 min, 30 min, 2 h, 6 h, or 9 h. Whole-cell extracts were

ture for 5 min. Luminescence was recorded using a Genios (TECAN) isolated and IB using specific anti-IKBa antibodies following separation
plate reader. The data were plotted as normalized luciferase activity, by SDS-PAGE. In NHEK exposed to 200 MM SM, IKBa levels decreased
corrected for vehicle control luciferase activity, and normalized to LDH <2-fold through 2 h, -3-fold at 6 h, and -4-fold at 9 h. In NHEK exposed

data of treatmentlexposure group. to 400 MM SM, IKBa levels decreased <2-fold through 30 min, -3-fold at
activity ant of peo u 2 h, -5-fold at 6 h, and -4-fold at 9 h. In HaCaT cells exposed to 200 JAM

Statistical Analyses. Normalized luciferase activity and the per- SM, IKBa levels decreased <2-fold through 6 h and -2-fold at 9 h. In
cent loss of membrane integrity were expressed as the average - HaCaT cells exposed to 400 AM SM, IKBa levels decreased <2-fold
S.E.M. (n = 3) and were analyzed for statistical significance using through 2 h, -4-fold at 6 h, and -8-fold at 9 h.
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degradation as in A). In NHEK, observable IKBa loss occurs or 100 A.M SM resulted in a 50 to 75% increase in luciferase
by 2 h following exposure to SM. Concentrations of SM less activity by 9 h after exposure compared with the untreated
than 100 AM do not result in observable loss of IKBa within control cell luciferase activity level (i.e., the value of 1). Lucif-
4 h of exposure (not shown). HaCaT cells exposed to 200 MM erase activity returned to untreated control levels 20 h after the
SM show loss of IKBa by 9 h after exposure (Fig. 1B). Expo- initial SM insult. Exposure to 200 AM SM decreased the level of
sure to 400 MM SM did not result in the immediate degrada- luciferase activity to levels -40% less than untreated control
tion of IKBa in either cell type. Furthermore, exposure to 200 activity by 4 h after exposure. By 12 h after exposure to 200 AM
AM BFA SM or NM, but not the monofunctional CEES or SM, luciferase activity increased by 40 to 50%, but only back to
TDG, resulted in decreased levels of IKBa by 4 h (not shown). untreated control levels (i.e., 1). Exposure to NM resulted in a
These results support recent findings that DNA-damaging similar response as compared with SM exposure, whereas ex-
agents can induce a delayed, nonclassical NF-KB signaling posure to CEES, even up to an 800 MM concentration, resulted
pathway (Bohuslav et al., 2004). in no increase in luciferase activity (not shown). Reporter gene-

CAPE Inhibits Classical NF-#cB-Mediated Reporter containing keratinocytes were also pretreated with 10 (no
Gene Activity. CAPE, a potent inhibitor of NF-KB activity, change, not shown) or 105 AM CAPE for 1.5 h before exposure
is considered a nontraditional inhibitor because it does not to 12.5 (Fig. 3B), 50 (Fig. 3C), 100 (Fig. 3D), or 200 MM (Fig. 3E)
prevent IKBa degradation (Natarajan et al., 1996). To verify alkylating agent. CAPE significantly decreased alkylating
whether CAPE could inhibit either the classical TNFa-medi- agent-induced NF-KB activation (Fig. 3, B-E). CAPE maintains
ated or the nonclassical alkylating agent-mediated NF-KB NF-KB activity at or below background levels even after expo-
activity, keratinocytes were stably transfected with an sure to alkylating agents.
NF-KB reporter construct containing multiple KB-consensus CAPE Decreases Alkylating Agent-Induced Loss of
elements to drive expression of a luciferase reporter gene. Membrane Integrity. Keratinocytes exposed to BFA un-
Exposure of the cells to a saturating concentration of 100 dergo cell death via an apoptotic-necrotic continuum (Ray et
ng/ml of TNFa resulted in a 30-fold increase in detected al., 2005). CAPE itself is a known radiosensitizer (Lin et al.,
luciferase activity by 6 h after exposure (not shown). Cells 2006) and inducer of apoptosis in a variety of cell lines (Chiao
pretreated with vehicle (DMSO) and then exposed to 0.5 et al., 1995). We examined whether the combination of CAPE
ng/ml of TNFa exhibited an -6-fold increase in luciferase and alkylating agent would potentiate loss of membrane
activity between 6 and 12 h after exposure (Fig. 2, DMSO/ integrity and cell death, or whether interfering with NF-KB
TNFa). There was, however, significant inhibition of TNFa- signaling, which is involved in both proapoptotic and anti-
mediated luciferase activity after cells were pretreated with apoptotic mechanisms, would lead to cell survival. NHEK or
CAPE (Fig. 2, CAPE/TNF). These data show that CAPE is a HaCaT keratinocytes were either pretreated for 1.5 h with
potent inhibitor of classical NF-KB activity in keratinocytes. CAPE before exposure to alkylating agent for 24 h or first

CAPE Inhibits Nonclassical NF-KB-Mediated Reporter exposed to alkylating agent and post-treated 30 min later
Gene Activity. CAPE was utilized in an attempt to inhibit with CAPE. LDH activity was assayed in culture media as a
alkylating agent-induced nonclassical NF-KB-mediated cell sig- measure of cell membrane integrity, a correlate of cell via-
naling. The reporter gene keratinocyte cell line was exposed to bility. We observed that CAPE alone had no effect on HaCaT
increasing concentrations of SM (Fig. 3A). Exposure to 12.5, 50, keratinocytes (Fig. 4A, Cont) but resulted in an additional

-60% loss of membrane integrity in NHEK compared with
10.0- -*--DMSO/TNFa vehicle-treated control cells (Fig. 4B, Cont). In addition, in

- CAPE I TNF(x HaCaT cells, CAPE significantly decreased the SM- and NM-
induced loss of membrane integrity out to 24 h (Fig. 4A, Pre:2 7.5-

"-U, Vehicle versus Pre: CAPE). In NHEK, CAPE did not prevent
SM-induced loss of membrane integrity but moderately re-

"a'< 5.0- duced NM-induced LDH activity (Fig. 4B, Pre: Vehicle versus
Pre: CAPE). No potentiating effect of CAPE in combination
with BFA was observed. Interestingly, virtually identical

o 2.5-
z * responses were observed for HaCaT or NHEK that were

pretreated with CAPE as were observed for cells post-treated
0.0 . with CAPE 30 min after exposure to SM or NM (Fig. 4, A and

0 5 10 15 20 25 B, Post: Vehicle versus Post: CAPE). These data suggest that
Time (hr) after Exposure to TNFa CAPE alters the fate of cells exposed to alkylating agent.

Fig. 2. CAPE inhibits classical NF-KB-mediated reporter gene activity. However, CAPE itself induces cell death by 24 h in NHEK
Keratinocyte reporter gene HaCaT.AL cells were pretreated for 1.5 h with (Fig. 4B, Cont, Pre: CAPE) and by 48 h in the p53-mutated
vehicle (DMSO) or 105 AM CAPE and exposed to media alone (control) or HaCaT cells (not shown). These data are consistent with
0.5 ng/ml TNFa for 4, 6, 9, 12, or 20 h. Cell lysate was collected and
measured for luciferase reporter gene activity. The luciferase activity recent findings that CAPE might induce apoptosis via mech-
value for TNFa-exposed cells was divided by the luciferase activity value anisms both dependent and independent of p53 transcrip-
of the corresponding media-treated control cell time point. Data were tional activity.
further normalized to LDH activity measured in cell medium to account BFA Induce Phosphorylation of p53. Exposure to DNA-
for damaged/nonviable cells (normalized luciferase activity). The control
value is denoted as the value of 1. These data are representative of three damaging agents can activate nonclassical NF-KB activity that
experiments. Error bars represent S.E.M. Asterisks (*) indicate statisti- is mediated by transcription-independent mechanisms of p53
cally significant decreases in reporter gene activity by treatment with (Bohuslav et al., 2004). A p53 response is typically character-
CAPE (*, p < 0.05; **, p < 0.01). Daggers (t) indicate statistically
significant increases in reporter gene activity by treatment with TNFa (t, ized by an increase in total p53 protein levels several hours
p < 0.05, tt, p < 0.01). after a DNA-damaging event (Rosenthal et al., 1998). However,
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A 2 T12.5 pM SM
T --*- 0 PM SM

- IOOPMSM

;u -, --- 200 pM SM

a t- Fig. 3. CAPE inhibits nonclassical
NF-KB-mediated reporter gene activ-

0 ity. A, keratinocyte reporter gene Ha-
z CaT.AL cells were exposed to media

alone (untreated control luciferase ac-
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an increase in total p53 protein levels is difficult to observe in CAPE Inhibits Alkylating Agent-Induced Phosphor-

HaCaT cells (Fig. 5A, bottom). Total p53 protein levels increase ylation of p53. We examined whether pretreatment (1.5 h

slightly by 4 h in NHEK exposed to 200 iAM SM (Fig. 5B, before exposure) or post-treatment (30 min after exposure) of

bottom). Monitoring phosphorylation of p53 can serve as a more cells with CAPE modulated alkylating agent-induced phos-
rapid indicator of a p53 response. Phosphorylated p53 accumu- phorylation of p53. Treatment of NHEK or HaCaT cells with

lates in both HaCaT cells (Fig. 5, A and C) and NHEK (Fig. 5, CAPE alone for 7.5 h did not result in phosphorylation of p53
B and D) within 15 to 30 min after exposure to 200 AM SM. (not shown). Pretreatment and post-treatment of cells with
Both cell lines exhibit a time- and concentration-dependent CAPE either inhibited or reduced phosphorylation of p53 in
increase in phosphorylated p53. The accumulation of phosphor- NHEK and HaCaT cells, respectively (Fig. 6A). The moderate
ylated p53 following 200 AM NM exposure temporally lags accumulation of p53 observed by 4 h after alkylating agent
behind that induced by 200 AM SM in both cell types (Fig. 5, C exposure was also inhibited by pretreatment and post-treat-
and D). Exposure of cells to CEES or TDG does not result in ment with CAPE (Fig. 6B). These data suggest that CAPE

accumulation of phosphorylated p53 (Fig. 5, C and D). The modulates alkylating agent-induced phosphorylation of p53
positive control chemical HU induces accumulation of phos- and may potentially disrupt p53-related activation of non-
phorylated p53 in both cell types (Fig. 5, C and D). These data classical NF-KB signaling.
suggest that exposure of both NHEK and HaCaT cells to BFA CAPE Inhibits Alkylating Agent-Induced Phosphory-
can initiate signaling involved in directing the initial events of lation of p9ORSK, p9ORSK is thought to play a role in non-
the p53 response. classical NF-KB activation. p9ORSK accumulates in the nucleus
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A NF-KB family members (Yang et al., 2005). Nrf2 protein
S120- HaCaT levels increase in various systems when exposed to chemo-5, m Pre: Vehicle

""91 Pre: CAPE preventive compounds (Chen and Kong, 2004). We examined
C 8 Post: Vehicle whether Nrf2 protein expression was altered in NHEK or

0- Post: CAPE HaCaT cells following treatment with CAPE and/or exposure
E -to alkylating agents. Exposure of NHEK to NM resulted in a0I slight accumulation of an -110 kDa Nrf2 at 1, 4, and 6 h
"" after exposure (Fig. 8A, solid arrows). However, treatment of
0 NHEK with CAPE plus alkylating agent (particularly NM)

0H resulted in an accumulation of high molecular weight protein
Cont SM NM complexes recognized by the anti-Nrf2 antibody (Fig. 8A,

dashed arrows) (-150-200 kDa). In NHEK and HaCaT cells,
B NHEK 105 tM CAPE by itself did not result in accumulation of 110

S1201 r-=Pre: Vehicle kDa Nrf2 forms (Fig. 8), even following 7.5 h of treatment

• Pre: CAPE (not shown). That is, multiple molecular weight forms of Nrf2
"80- Post:Vehicle protein are observable following treatment with CAPE and

i F =Post: CAPE exposure to alkylating agents in keratinocytes. These data
S* suggest that alkylating agents in combination with CAPE

40- might be able to modify the Nrf2 signaling complex that is
Sinvolved in initiating ARE/EpRE signaling.

S i ICAPE Treatment Modulates Steady-State AhR Pro-
0 Ntein Expression. It has recently been discovered that

Fig. 4. CAPE decreases the loss of cell membrane integrity. HaCaT (Mia et al., 2005). We investigated whether CAPE could

keratinocytes (A) and NHEK (B) were pretreated (for 1.5 h pre-exposure) (Miao e

or post-treated (30 min postexposure) with DMSO (vehicle) or 105 MM alter an AhR response because a structurally similar corn-
CAPE (CAPE) and either unexposed (Cont) or exposed to 200 ,M SM or pound, curcumin, has been shown to modulate AhR activ-
NM for 24 h. Cell medium was collected and analyzed for LDH activity, ity (Ciolino et al., 1998). Binding of the prototypical ligand
a measure of membrane integrity and a correlate of cell viability, as
described under Materials and Methods. To establish the maximal LDH 2,3,7,8-tetrachloro-
activity achievable from these cells, untreated control cells were grown dibenzo-p-dioxin to the AhR results in loss of AhR within
for 24 h and then lysed using detergent (expressed as 100% loss of 5 h in Hepalclc7 cells (Ma and Baldwin, 2000). NHEK and
membrane integrity). These data are representative of three experi-
ments. Error bars represent S.E.M. Asterisks (*) indicate statistical sig- HaCaT cells were pretreated or post-treated with CAPE
nificant difference as a result of CAPE treatment compared with its and exposed to SM or NM (Fig. 8B). Interestingly, expo-
corresponding vehicle control (*, p < 0.05; **, p < 0.01). sure of NHEK and particularly of HaCaT cells to NM

alone, but not SM, resulted in a decrease of detectable AhR

as a result of physical association with p53 following exposure protein (Fig. 8B, solid arrows) (-105 kDa), which were

to DNA-damaging agents (Bohuslav et al., 2004). p9ORSK can further decreased by treatment with CAPE. After 7.5 h of

activate NF-KB by phosphorylating IKB and/or the NF-KB sub- treatment with CAPE alone, both NHEK and HaCaT cells

unit p65 (Ghoda et al., 1997; Schouten et al., 1997; Bohuslav et exhibited a loss of AhR protein (Fig. 8C). Exposure to NM

al., 2004). Therefore, we examined whether CAPE could mod- with and without CAPE resulted in accumulation of a high

ulate p90RSK-related signaling. Cells were pretreated or post- molecular weight protein complex recognized by the anti-

treated with CAPE and exposed to SM or NM. Exposure of AhR antibody, particularly from NHEK cell lysates (Fig.

NHEK to SM or NM alone resulted in accumulation of phos- 8B, dashed arrows) (>200 kDa). These data suggest that

phorylated p90RSK between 1 and 4 h after exposure (Fig. 7A, the AhR may play a role in the cellular response to BFA

top two panels). CAPE pretreatment of NHEK inhibited alky- and in activation of ARE/EpRE signaling following treat-

lating agent-induced phosphorylation of p90RSK (Fig. 7A). Ha- ment with CAPE.

CaT cells treated with CAPE alone or CAPE plus alkylating CAPE Decreases Alkylating Agent-Induced Ne-

agent resulted in accumulation of phosphorylated p90RSK only crotic-Like Morphology but Induces Cell Blebbing and

at the 1 h time point (Fig. 7A, bottom two panels). That is, in Half-Body Formation. CAPE can modulate keratinocyte
HaCaT cells, CAPE treatment together with alkylating agent signaling and prevent overt loss of cell membrane integrity
exposure resulted in increased accumulation of phosphorylated caused by alkylating agents (Figs. 1-8). However, CAPE
p90RSK. Total p90RSK protein levels remained unchanged itself has been shown to be cytotoxic and to induce apoptosis.
(Fig. 7B, solid arrows), but exposure to NM resulted in accumu- Pretreatment (Fig. 9) or post-treatinknt (not shown) of
lation of high molecular weight protein complexes recognized by HaCaT cells and NHEK with CAA reduced alkylating
the p90RSK antibody, particularly in HaCaT cells (Fig. 7B, agent-induced cell detachment anenecrotic-like morphology
dashed arrows). These data suggest that alkylating agents (compare Fig. 9Ab with Af and Fig. 9Ac with Ag). However,
activate p9ORSK and that CAPE might disrupt p90RSK close examination reveals CAPE-induced cell blebbing by 9 h
signaling, in HaCaT cells (Fig. 9Ah, 1) and half-body formation after

CAPE Treatment and Alkylating Agent Exposure 24 h in NHEK cells (Fig. 9Bh, 2). These data suggest that
Modulate Nrf2 Protein Expression. The transcription CAPE might change cell fate from alkylating agent-induced
factor Nrf2 mediates ARE/EpRE signaling, affects p53 stabi- necrotic-like cell death signaling to that of an independent
lization (Vasiliou et al., 2003), and modulates expression of pathway of cell death (i.e., programmed cell death).
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Fig. 5. BFA rapidly induce phosphorylation of p53 at residue serine 15. HaCaT keratinocytes (A) and NHEK (B) were exposed to 12.5, 25, 50, 100,
or 200 j.M SM for 5, 15, 30, 60, 120, or 240 min. Whole-cell extracts were isolated and IB using specific anti-phospho-p53 (Serl5) antibodies (top panels
for each) or anti-p53 (total p53) antibodies (bottom panel for each) following separation by SDS-PAGE. HaCaT keratinocytes (C) and NHEK (D) were
exposed to vehicle (0.02% DMSO), 200 tiM SM, CEES, NM, TDG, or 20 mM HU (positive control) for 5, 15, 30, 60, 120, or 240 mi. Wh~te-cell extracts
were isolated and IB using specific anti-phospho-p53 (Serl5) antibodies following separation by SDS-PAGE. These data are representative of two
independent experiments for each treatment.

Discussion these critical pathways in skin cells. We showed that BFA,

The precise mechanisms that govern NF-KB and p53 re- not monofunctional agents, can induce phosphorylation of

sponses to BFA are not completely understood. BFA are used p53 before initiating NF-KB signaling, even in cells that

as therapeutics in cutaneous oncology and have been used as express a transcriptionally inactive p53 protein. These data

chemical warfare agents. Understanding the molecular support and extend previous findings suggesting that DNA-

mechanisms of BFA may help identify efficacious chemopro- damaging agents alter p53 function, which in turn is re-

tectants/therapeutics to ameliorate BFA-induced cutaneous quired for activation of nonclassical NF-KB signaling medi-
intolerance, inflammatory responses, blister formation, and ated by p90RSK. The nontraditional NF-KB inhibitor CAPE

cancerous or precancerous lesions. Because p53 and NF-KB disrupts p53 and p90RSK signaling and subsequently inhib-
signaling are modulated by BFA and because the balance its NF-KB activity. These data suggest that it is not appro-
between NF-KB and p53 signaling can determine toxic effects priate to designate CAPE as a specific NF-KB inhibitor. Fur-
and cell fate, we addressed the BFA-induced responses of thermore, CAPE modifies AREfEpRE signaling pathways
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Fig. 6. CAPE inhibits alkylating agent-induced phosphorylation of p5 3 . "." P Post
HaCaT keratinocytes and NHEK were pretreated (for 1.5 h) or post- .0
treated (30 min postexposure) with vehicle (-) or 105 MM CAPE (+) and
either unexposed (None) or exposed to 200 AM SM or NM for 1, 4, or 6 h. IB: anti-total RSK
Whole-cell extracts were isolated and 1B using specific anti-phospho-p53
(Serl5) antibodies (A) or anti-total p53 antibodies (B) following separa- Fig. 7. CAPE inhibits alkylating agent-induced phosphorylation of

tion by SDS-PAGE. These data are representative of two independent p9ORSK. HaCaT keratinocytes and NHEK were pretreated (for 1.5 h) or

experiments for each post-treatment and pretreatment. In NHEK pre- post-treated (30 min postexposure) with vehicle (-) or 105 MM CAPE (+)

treated with CAPE and then exposed to SM or NM, CAPE inhibited p53 and either unexposed (None) or exposed to 200 MM SM or NM for 1, 4, or

phosphorylation -2-fold in SM-exposed cells at 1 h, -5-fold in both SM- 6 h. Whole-cell extracts were isolated and IB using specific anti-phospho-

and NM-exposed cells at 4 h, and -3-fold in SM-exposed cells or -2-fold RSK (ser 380) antibodies (A) or anti-total RSK antibodies (B) following

in NM-exposed cells at 6 h. In NHEK post-treated with CAPE following separation by SDS-PAGE. Solid arrows indicate the 90 kDa form of RSK,

exposure to SM or NM, CAPE inhibited p53 phosphorylation -2-fold at whereas dashed arrows indicate a high molecular weight form of RSK.

1 h, -3-fold in SM-exposed cells or -4-fold in NM-exposed cells at 4 h, These data are representative of two independent experiments for each

and -2-fold in SM-exposed cells or -6-fold in NM-exposed cells at 6 h. In post-treatment and pretreatment.

HaCaT keratinocytes pretreated with CAPE and then exposed to SM or
NM, CAPE inhibited p53 phosphorylation -2-fold in NM-exposed cells at
4 h and -4-fold in NM exposed cells at 6 h. In HaCaT keratinocytes
post-treated with CAPE following exposure to SM or NM, CAPE inhibited expression of p53 in this system, even though overexpression
p53 phosphorylation -3-fold in SM-exposed cells at 1 h and -2-fold in of p53 did not activate IKK. Furthermore, NF-KB reporter
NM-exposed cells at 6 h. gene activation occurred in p53-overexpressing, IKK1/2-defi-

cient murine embryonic fibroblasts. These data together sug-

gest that p53-mediated nonclassical NF-KB activation may

that are modulated in response to BFA-induced stress. The be a critical pathway involved in inducing the toxic effects

timing and degree of modulation of the p53, NF-KB, p90RSK, of BFA.

and ARE/EpRE pathways by BFA and/or CAPE show differ- The data presented here are consistent with the observa-

ences in immortalized keratinocytes versus normal keratin- tions that BFA-induced NF-KB activity is independent of the

ocytes. Therefore, intrinsic differences between normal and transcriptional activity of p53 (Bohuslav et al., 2004). Immor-

immortalized skin cells will determine the outcome of expo- talized HaCaT cells, which express a full-length but tran-

sure to BFA or treatment with chemoprotectants. scriptionally inactive p53 protein, were compared with

Transcription-independent mechanisms of p53 protein NHEK to determine whether p53 could be phosphorylated

have been suggested to play a role in activating nonclass- and to investigate whether BFA could induce IKBa degrada-

ical NF-KB signaling initiated by DNA-damaging agents (Bo- tion and/or activate an NF-KB-responsive reporter gene. Both

huslav et al., 2004; Ryan et al., 2004). Bohuslav et al. (2004) HaCaT cells and NHEK responded to BFA exposure by ini-

suggested that the classical IKK/IKB signaling pathway is tiating phosphorylation of p53 (Fig. 5). Observable loss of

not involved in p53-mediated NF-KB activity. In doxycycline- IKBa did not occur until 2 h of exposure to 200 pM SM in

activated Saos-2 p53-inducible cells, phosphorylation and NHEK or until 6 h in HaCaT cells (Fig. 1B). BFA-induced

degradation of IKBa were not necessary to observe relocal- transcriptional activity of an NF-KB reporter gene was not

ization of the NF-KB subunit p65 to the nuclear compart- observed until 6 to 9 h in the stably transfected HaCaT cells

ment. Also, an NF-KB reporter gene was activated by over- (Fig. 3). That is, BFA induce phosphorylation of p53, a known
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C NHEK HaCaT NHEK
CFig. 9. CAPE decreases alkylating agent-induced necrotic-like morphol-

- - CAPE ogy but induces cell blebbing and half-body formation. HaCaT keratino-
cytes and NHEK were pretreated (for 1.5 h) with vehicle (a-d) or 105 AM5.5 hr / CAPE (e-h) and either unexposed (Control; a and e) or exposed to 200 AM

7.5 SM (b and 0 or NM (c and g) for 9 h in HaCaT cells (A) or 24 h in NHEK
hr] (B). Cell images were visualized with a 1OX eyepiece and 1Ox objective

IB: anti-AhR and acquired using a digital camera system. The Magnified Control (d
and h) is an -8X digital magnification of Control cells pretreated with

Fig. 8. CAPE treatment and alkylating agent exposure modulates Nrf2 vehicle (a) or CAPE (e) to emphasize that CAPE by itself induces mor-
and AhR protein expression patterns. HaCaT keratinocytes and NHEK phological changes such as cell blebbing (Ah) and half-body formation
were pretreated (for 1.5 h) or post-treated (30 min postexposure) with (Bh). These data are representative images from three independent ex-
vehicle (-) or 105 AM CAPE (+) and either unexposed (None) or exposed periments.
to 200 AM SM or NM for 1, 4, or 6 h. Whole-cell extracts were isolated and
1B using specific anti-Nrf2 antibodies (A, solid arrows indicate the - 110
kDa Nrf2, whereas dashed arrows indicate a high molecular weight form
of Nrf2) or anti-AhR antibodies (B, solid arrows indicate the - 105 kDa substrate for ATM, this DNA damage-mediated cascade can
AhR, whereas dashed arrows indicate a high molecular weight form of occur independently of the p53 protein. p90RSK can also
AhR) following separation by SDS-PAGE. C, HaCaT keratinocytes and become activated following shuttling into the nucleus, via
NHEK were treated with vehicle (-) or 105 /M CAPE (+) for 5.5 or 7.5 h.
Whole-cell extracts were isolated and IB using anti-AhR antibodies fol- physical association with p53, after exposure to DNA-dam-
lowing separation by SDS-PAGE. These data are representative of two aging agents (Bohuslav et al., 2004). Transcriptionally inac-
independent experiments for each post-treatment and pretreatment. tive p53 proteins still associate with p90RSK (Bohuslav et

al., 2004), translocate into the nucleus where p90RSK can
phosphorylate p65 (Bohuslav et al., 2004) and/or IKBa

early step in the p53 response, and subsequently initiate (Ghoda et al., 1997; Schouten et al., 1997), and thereby allow
IKBa degradation and NF-KB reporter gene activation, both activation of the normally shuttling NF-KB complex. We
indicators of a BFA-induced NF-KB response. show that SM or NM exposure induces phosphorylation of

How can the p53 protein modulate BFA-induced NF-KB p90RSK in both NHEK and HaCaT cells, although with
activity independent of p53-mediated transcription? Doxoru- different temporal regulation (Fig. 7). Because p90RSK can
bicin-induced DNA damage activates the kinase ATM, which be phosphorylated by MEK/ERK and/or autophosphorylated
in turn activates a mitogen-activated protein kinase kinase (Dalby et al., 1998), these data suggest that BFA activate the
(MEK)/extracellular signal-activated kinase (ERK)/p90RSK MEK/ERK/p90RSK pathway. BFA stimulate phosphoryla-
signaling cascade (Panta et al., 2004). Although p53 is a tion and stabilization of p53, activation of p90RSK, and



CAPE Alters Alkylating Agent-Induced Signaling 211

subsequent activation of NF-KB, further delineating the may modulate kinase/phosphatase activity responsible for

mechanism of action of BFA-induced nonclassical NF-KB sig- this novel AhR relocalization in HaCaT cells.

naling. Typical AhR modulators cause a conformational change to

CAPE is an active phenolic constituent found in propolis. AhR and its associated chaperone protein complex, 90-kDa

CAPE, which has been described as a specific inhibitor of heat shock protein/XAP2 (hepatitis B virus X-associated pro-

NF-KB (Natarajan et al., 1996), was used to further dissect tein 2)/p23, that allows AhR to translocate to the nucleus,
BFA-induced nonclassical NF-KB signaling. CAPE has been associate with its dimerization partner AhR nuclear translo-

shown to inhibit NF-KB translocation into the nucleus via a cator, and activate XRE-dependent gene transcription.
mechanism that apparently does not depend on IKBa stabi- Treatment with CAPE may similarly alter the AhR-chaper-

lization or inhibition of IKK (Natarajan et al., 1996). CAPE one protein complex such that previously unexposed residues
inhibited phosphorylation and accumulation of p53 (Fig. 6) and/or other AhR-interacting proteins can be cross-linked by

and phosphorylation of p90RSK (Fig. 7). In HaCaT cells, NM. The high molecular weight protein complexes for
treatment with CAPE alone resulted in phosphorylation of p90RSK, Nrf2, and AhR may contain a common protein tar-

p90RSK, whereas CAPE in combination with an alkylating get of CAPE and/or BFA, such as a chaperone or associating

agent resulted in an additive effect on the accumulation of protein(s). These high molecular weight complexes may be
phosphorylated p90RSK within 1 h of exposure to the alky- induced by cross-linking caused by BFA. We have shown
lating agent (Fig. 7). The differences between the p90RSK previously that SM has the capacity to cross-link biological
response in NHEK and HaCaT cells may be related to the molecules in cells (Dillman et al., 2003). We do not expect
p53 status of the cells. HaCaT cells exhibit a p53 mutational these results are caused by nonspecific antibody reactions
spectrum commonly attributed to UV light exposure that because the high molecular weight species consistently ap-
translates into a transcriptionally inactive p53 protein (Leh- pear only in certain exposure groups. Furthermore, we spec-
man et al., 1993). Overall, these data suggest that CAPE ulate that CAPE, like curcumin, can modulate AhR signaling
might interfere with nonclassical NF-KB activation by dis- by either directly interacting with the AhR ligand binding
rupting BFA-induced p53 and MEK/ERK/p9ORSK signaling, domain and/or disruption of AhR-chaperone complexes

Some protective effects of phenolic compounds such as and/or phosphorylation/dephosphorylation signaling re-
CAPE or curcumin may be attributed to their ability to quired for AhR localization and activity.
activate ARE/EpRE signaling (Chen and Kong, 2004). It has CAPE has been shown to induce apoptosis in multiple cell

been shown that CAPE or curcumin activates the transcrip- types. Here we show that CAPE prevented cell detachment
tion factor Nrf2 (Balogun et al., 2003). Nrf2 is a principal and necrotic-like cell viability loss caused by BFA. However,
regulator ofARE/EpRE-mediated transactivation involved in it is important to note that although human immortalized
inducing expression of phase II detoxification and antioxi- HaCaT keratinocytes did not exhibit membrane integrity
dant enzymes (Lee and Surh, 2005). Nrf2 activation is in- loss within 24 h after treatment with CAPE alone or with
volved in protection against chemical-induced damage and CAPE in combination with BFA (Fig. 9A), they did after 48 h
oxidative stress (Lee and Johnson, 2004). Even post-treat- (not shown). NHEK exhibited membrane integrity loss after
ment (30 min after BFA exposure) with CAPE protected cells 24 h of exposure to CAPE (Fig. 9B). It appears that CAPE can
from BFA-induced membrane integrity loss (Fig. 4). This "hijack" cell machinery to prevent cell detachment and ne-
suggests a rapid mechanism by which CAPE decreases the crotic-like death induced by 200 tLM concentrations of SM or
toxic effects of BFA. NM. However, it also directs cells to undergo cellular bleb-

ARE/EpRE and Nrf2 signaling have been shown to be bing and half-body formation, consistent with its capacity to
modulated by AhR (Miao et al., 2005). Curcumin has been induce apoptosis. CAPE may be involved in anoikis, that is,
shown to compete with dioxin, the canonical ligand of AhR, apoptosis induced by the loss of integrin-mediated cell-ma-
for binding to AhR (Ciolino et al., 1998). Curcumin stimu- trix contact (Frisch and Ruoslahti, 1997), because subapop-
lates AhR to interact with xenobiotic response elements totic concentrations of CAPE caused rearrangement of the
(XRE). The Nrf2 promoter contains several XRE-like ele- cytoskeleton and reduced tyrosine phosphorylation of focal

ments to which the AhR directly binds (Miao et al., 2005). adhesion kinase (Weyant et al., 2000). Also, CAPE-induced
Exposure of Hepalclc7 cells to dioxin results in ubiquitin- signaling resulting in cell blebbing and half-body formation
proteasomal degradation of the AhR within 5 h (Ma and may be indicative of the cellular defense mechanism, auto-

Baldwin, 2000). Interestingly, exposure of HaCaT cells to phagy, similar to that observed of other dietary chemopre-
NM alone, but not SM alone, resulted in loss of steady-state ventive agents (Ellington et al., 2006; Herman-Antosiewicz
levels of the AhR (Fig. 8). CAPE treatment alone resulted in et al., 2006). Thus, CAPE seems to prevent BFA-induced
reduced AhR protein levels in NHEK and in nearly complete toxicity by modulating not only NF-KB signaling but also p53,
loss of steady-state AhR levels within 5.5 h in HaCaT cells p90RSK, and ARE/EpRE signaling while it concurrently
(Fig. 8C). Furthermore, treatment with CAPE in combina- drives cell matrix changes and programmed cell death.
tion with exposure to NM in NHEK results in high molecular In summary, we show that BFA such as SM and NM can
weight protein complexes containing the AhR (>200 kDa) induce nonclassical NF-KB activation, rapidly induce phos-
(Fig. 8B) as it did for both p90RSK (- 100-150 kDa) (Fig. 7B) phorylation of p53 in both immortalized and normal skin
and Nrf2 (-150-200 kDa) (Fig. 8A). The differences between cells, modulate p90RSK activation, and activate ARE/EpRE
NHEK and HaCaT cells may be related to the observation signaling. Also, exposure to NM caused accumulation of high
that the AhR compartmentalization is dependent on cell den- molecular weight proteins for p90RSK, Nrf2, and AhR. Ex-
sity in HaCaT cells (Ikuta et al., 2004). This quite novel posure of keratinocytes to NM alone, but not SM, resulted in
regulation of AhR is thought to be regulated by phosphory- altered Nrf2 protein expression and loss of steady-state AhR
lation/dephosphorylation events (Ikuta el al., 2004). CAPE protein. The mechanisms governing these novel observations
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will be pursued, and we hypothesize that they may be related autophagy to inhibit release of cytochrome C and apoptosis in human prostate
cancer cells. Cancer Res 66:5828-35.

to differences in reactivity of different BFA with biomolecules Ikuta T, Kobayashi Y, and Kawajiri K (2004) Cell density regulates intracellular
and/or mechanisms of cellular transport into cells. For exam- localization of aryl hydrocarbon receptor. J Biol Chem 279:19209-19216.
ple, NM is transported into cells via choline transporters Kasibhatla S, Brunner T, Genestier L, Echeverri F, Mahboubi A, and Green DR

(1998) DNA damaging agents induce expression of Fas ligand and subsequent
(Goldenberg et al., 1971), whereas SM is lipophilic and apoptosis in T lymphocytes via the activation of NF-KB and AP-1. Mol Cell

crosses cell membranes readily (Papirmeister et al., 1991). 1:543-551.
Kohn KW and Pommier Y (2005) Molecular interaction map of the P53 and Mdm2

Differences in NM-mediated and SM-mediated effects on cel- logic elements, which control the off-on switch of P53 in response to DNA damage.

lular systems have been observed and commented on by Biochem Biophys Res Commun 331:816-827.
Korzeniewski C and Callewaert DM (1983) An enzyme-release assay for natural

other investigators (e.g., Rappeneau et al., 2000). The ability cytotoxicity. j Immunol Meth 64:313-320.
of CAPE to alter keratinocyte fate following exposure to BFA Lee JM and Johnson JA (2004) An important role of Nrf2-ARE pathway in the

cellular defense mechanism. J Biochem Mol Biol 37:139-143.is characterized by inhibition of p53, p90RSK, and NF-KB Lee JS and Surh YJ (2005) Nrf2 as a novel molecular target for chemoprevention.
signaling and modulation of ARE/EpRE pathways. CAPE Cancer Lett 224:171-184.
may be used to further define the molecular mechanisms of Lehman TA, Modali R, Boukamp P, Stanek J, Bennett WP, Welsh JA, Metcalf RA,

Stampfer MR, Fusenig N, Rogan EM, et al. (1993) P53 mutations in human
BFA-induced nonclassical NF-KB signaling pathways and to immortalized epithelial cell lines. Carcinogenesis 14:833-839.
ameliorate subsequent toxic effects. Lin YH, Chiu JH, Tseng WS, Wong "I, Chiou SH, and Yen SH (2006) Antiprolif-

eration and radiosensitization of caffeic acid phenethyl ester on human medullo-
blastoma cells. Cancer Chemother Pharmacol 57:525-532.
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